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Ve have examined the electronic and morphological interactions which occur at
the interface between silicon and a variety of matals, including Cr, TL{, Sm, Au,
and Ca. These interface studies were supported by extensive synchrotron radia-

' : tion photoemission studies of bulk silicides, including Ti,Si,, ns:.z, NbS4,,'S
w : c:g:;. MoSi,, TaSi,, FeSi,6, CoSi,, Ni,Si, NiSi, NiSi,, and Pd Si and"by calcula-
. t of the densify of states of silicides (Moruzzi“at IBM; iili and Calandra
at Modena). We have sought to identify the important parameters in the forma-
tion of the metal-silicon bond., We have demonstrated the systematic development
of the Si-metal p-d hybridization and the reduction of the Si sp3 bond.
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1. The discovery of the commonality of the Si-metal p-d bond in the transition
metal silicides, a bond which is responsible for stability of silicides and
reflects selective hybridization of metal and silicon states. These bonds
are basically the same in all metal silicides and their evolution is
reflected in the formation of interface silicides. Understanding the
details will be the key to understanding the interface itself.
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2. The discovery that the formation of interfaces proceeds in three basic
stages, namely the chemisorption stage where the adatom is relatively
weakly bound to the surface, the reactive stage vhere chemical reaction
and interdiffusion occurs, and the covering-up stage where the overlayer

;j of metal is basically metal-like in character but contains outdiffused

"y S1 nonetheless.

w

* 3. The discovery that Si outdiffusion can be controlled by thin interlayers
between Si and a metal overlayer. By examining the Si-Cr-Au junction, we

N found clear evidence that control can be accomplished by changing the

3} character of the interlayer, i.e. if the interlayer is fully reacted it

£ will enhance outdiffusion whereas if it is in the chemisorption or

5] covering-up regime it will act as a barrier. This was the first time

& that such catalytic effects were observed and were correlated to the

B chemical character of the interlayer.
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gé EXxAM hre >

the electronic and mrpholog‘lcal interactions which occur at
the interface between silicon and a variety of metals, including Cr, Ti, Sm, Au,
and Ca. These interface studies were supported by extensive synchrotron radiation
photoemission studies of bulk silicides, fncluding T15S1s, TiS15, VSiZ, NbSis
CrSi5, MoSt;, TaSig, FeSiz, CoSih, NiZSf, NiSi, NiSi3, and Pd'isi and by calculaﬂons
of the dens}ty of states of silicides,
the important parameters in the formation of the metal-

bond. Nw;rnmd the systematic development of the Si-metal p-d
hybridization and the tion of the Si sp3 bond. &

fe) Are DOroa STrATED /o
Teont! ﬁdor breakthroughs include:

1. The discovery of the commonality of the Si-metal p-d bond in the transition
metal silicides, a bond which is responsible for stability of silicides and
reflects selective hybridization of metal and silicon states. These bonds
are basically the same in all metal silicides and their evolution is reflected
in the formation of interface silicides. Understanding the details will be
the key to understanding the interface itself..

2. The discovery that the formation of interfaces proceeds in three basic stages,
namely the chemisorption stage where the adatom {s relatively weakly bound to
the surface, the reactive stage where chemical reaction and interdiffusion
occurs, and the covering-up stage where the overlayer of metal is basically
metal-like in character but contains outdiffused Si nonetheless.

3. The discovery that Si outdiffusion can be controlled by thin interlayers
between S{ and a metal overlayer. By examining the Si-Cr-Au junction, we
found clear evidence that control can be accomplished by changing the
character of the interlayer, {.e. if the interlayer is fully reacted it will
enhance outd{ffusion whereas if it {s in the chemisorption or covering-up

ime 1t will act as a barrier. This was the first time that such catalytic
:f ec%s were observed and were correlated to the chemical character of the
nterlayer.
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Silicon-refractory metal interfaces: Evidence of room-

temperature intermixing for Si-Cr

A. Franciosi, D. J. Peterman, and J. H. Weaver

Synchrotren Redistion Conser. Universicy of Wiscensin-Madison. Stoughton, Wisconsin 53589

(Ressived 17 Februery 1981; acoepted 11 May 1961)

Photosmission spectroscopy investigations of the Si=Cr interface using synchrotron radiation
MMWW;dmgmmmmmmmfmfommmm
contrast with the Si-V interface. The intermixed phase is 10-13 A thick and is of definite metailic
character. For higher metal coverage (220 monolayers) photoemission from Si 2p levels with
varisble surface sensitivity show Si segregation in the top layers of the Cr film.

PACS numbers: 73.40.Ns, 79.60.Eq, 81.15.Ef, 66.30.Ny

In this communication we report the first photoemission study
of a silicon-refractory metal interface in which the tunability
of a synchrotron light source has been exploited to examine
valence bandend core level emission features. Valence band
emission from the interface region shows dramatic modifi-
cations of the Cr-derived 3d density of states as a function of
metal coverage and suggests the formation of an intermized
interface. The intermixed phase, formed at room tempera-
ture, shows a definite metallic character while CrSis, the only
bulk chromium silicide known to form upon hesat treatment

(st 450°C) of evaporated Cr on Si. was reported to be a

semiconductor.! Emission from the Si 2p core levels confirms
the intermixing and suggests an escape

expo-
_nential sttenuation of the Si-derived emission from the in-

terface region at higher metal coverages (12-20 monolayers).
Deviations from the exponential behavior are shown at higher
coverages and, correspondingly, Si-core photoemission indi-
cates Si segregation at the surface of the metal film.

An increasing amount of experimental and theoretical in-
formation is becoming available on Si-nobie metals and Si-
near-noble metal systems, 2-% but much less is known about
the formation of Si-refractory metal junctions. The silicon-
refractory metals systems are interesting from a technological
point of view. Refractory metal silicide growth by heat
mdhmﬁﬂu:wmﬁunydob-
mmwwmthw
large scale integrated circuits.” This process may also be
valusble for obtaining conductive layers stable at high tem-
perature for high concentration solar cell systems® or solid state
thermoslectric generators.? We have started systematic in-
vestigations of the electronic properties of bulk Si-refractory
metal compounds’? and here we present our first resuits on
interface formation. We hope in this way to contribute to a
better understanding of the chemical bonding and structure
of metal-semiconductor interfaces.}142

In this paper we present photoemission spectroscopy studies
with synchrotron radistion of the St 111)-Cr interface. Sii111)
substrates were obtained by cleaving n-tvpe. phosphorous-
doped - 1.5 Q cm) Si singie crvtais in an uitrahigh vacuum
svstem joperating pressusre $+4 X 104! Torr 8.3 X 10~ P,,!.
The experimental setup has been described eisewhere !3
Substrate cleanliness was monitored by detecting the Siil11)
.t . 1 L . . . . LS

were prepared by sublimation of Cr from a Ta boat using
liquid aitrogen cooled electrodes {pressure $2 X 10~19 Torr
(2.6 X108 Pa) during evaporation|. We emphasize that the
high reactivity of the refractory metals imposes severe re-
strictions on the operating pressure. The high temperature
intermixing process itself is very sensitive to the presence of
contaminants® for the Si-refractory metal interfaces. The
coverage, §, was monitored with a quartz thickness monitor
and is given in terms of $i(111) surface atomic density (0 =
1 monolayer at ~7.6 X 10}4 atoms/cm?). Synchrotron radia-
tion from the 240 MeV electron storage ring Tantalus was
monochromatized with a toroidal grating monochromator in
the photon energy range of 10~135 eV or with a Seya~Nam-
ioks type monochromator (10 £ hv S 30 eV). The photo-
electrons were energy analyzed by a double pass cylindrical
mirror A

Studies of the Si~Cr interface were carried out at ~300 K
(RT) for metal coverages of 0.1 to 50 monolayers. In this paper
we report the interface behavior for § 2 1. For submonolayer
coverages we mention herel® that the emission from the
Si(111) intrinsic surface states is dramatically reduced at the
lowest coverages (0.1 < § < 0.4) without any detectable
change of the Fermi leve! pinning position. 18

In Fig. 1 we show photoelectron energy distribution curves
(EDC's) for a photon energy of 21 eV to reveal the effects of
Cr deposition. The bottommost EDC for a clean Si(111) sur-
face shows the well known Si valence band features and the
intrinsic surface state emission. Successive EDC's displayed
upward correspond to increasing Cr coverage and are nor-
malized to the incident photon flux. The uppermost curve
shows the emission spectrum of a thick Cr film (~300 A)
evaporated onto oxidized tantalum and is in good agreement
with the data for bulk samples.!® The emission spectrum for
a given coverage was found to be independent of the way the
interface was obtained. i.e.. if with one evaporation or with
a series of depositions. As shown in Fig. 1, at hv = 2] eV the
emission features of the Si substrate are visible up to coverages
of 3-3 monolavers. For higher coverages no substrate ermussion
features are visibie. as shown bv the compiete disappearance
of the 3i buik feature ~7.3 eV deiow E;.

For # 2 2 Fig. 1 clearly shows that the vaience band is
dominated by Cr-derived 3d emission. although for coverages
LT T B L O RPN SR
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of the band structure of the intermixed Cr-Si phase is beyond
the scope of this paper. we note that the intermixed phase has
s definite metallic character, as shown by the high density of
stades ot £y in Figs. 1 and 2 Since resistivity measurements
have shown thet CrSis is 2 semiconductor with 3 0.35 eV bend
9. & is clear that room temperature intermixing gives rise
0 & phase with electronic structure strikingly different from
CiSty. For the Si-V interface, Claber and Rubloff!? reported
the formation at 350°C of an intermixed phase with an overall
V/Si ratio of ~1 while the only known interface compound
is VSig which forms at 500°C.¢ In this connection, we are
starting more systematic studies to determine whether or not
strongly intermixed phases are generally formed before sili-
cide nucleation at Si-refractory metal interfaces. This would
botmﬂymnomdthebehaworofth&mt«fm

Room temperature intermixing is somewhat more sur- .

prising for silicon-refractory metal than for the other sili-
con-transition metal interfaces. Silicon-refractory metal in-
terfaces show much higher activation energies and formation
temperatures for compound (disilicide) growth.® Two very
different models for silicon-silicon bond breaking have been
proposed in the two cases.2! For the refractory metal silicides
the high formation temperature (typically 600°C) was re-
lated®! t0 a phonon assisted mechanism of silicon-silicon bond
breaking. 43! The room temperature intermixing for the Si~Cr
system and the formation of an intermixed phase at 350°C

for Si-V suggest that the microscopic situation at the interface

is more complicated than expected.

Room temperature and liquid nitrogen temperature in-
termixing at silicon-metal interfaces has been amsociated with
the condensation energy of the metal onto the semiconductor
surface.2 The different behavior of Si~Cr with respect to Si-V
would imply that this energy contribution is sufficient to
promote the intermixing only in the case of Cz. In this respect
we note that within ail Si-refractory metal interfaces the Si~C:
system® has the lowest formation temperature (450°C) and
the lowest activation energy (1.7 eV) for bulk compound
growth (CrSis). Further investigations are strongly needed,
including temperature dependent studies of the formation
of Si-refractory metal interfaces and of the Si-Cr one in
particular.
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Structural morphology and electronic properties of the Si-Cr interface
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* Pacecemission studies (12 < Av < 135 ¢V) of room-temperature formation of the Si-Cr
the metsi-derived 4 density of states. Self-consistent augmented-spherical-wave caicula-
tions of the otal and Lprojectad densities of states for the silicides CrySi, CrSi, and CrSi,
in simpiified cubie lattice structures allow an identification of general trends in the elec.
tronic structnre wpon $i-Cr heteropolar bond formation. These experimental and theoresi-

cal results

suggest an interface morpbology where a Si-rich intermixed phase is present

for a depth of =10 monolayers between the Si crystsl and the uareacted Cr film. Evi-
dence of 5i segregasion in the top layers of the Cr film is provided.

portance in modern eleotromics tachnoiogy and a
lasge number of expesishental and: theoretical of-
mmu-m-ﬁamm o

m%wm In this paper we deal
. mﬁwmwmm

uahﬁudwmmm&m!»

@x 1) surface. Wy bave siso caleuls-
m&mmmr«.mds&
Cr model compounds o gain insight into the
medification of the electronie status due to Si-Cr
Bdteropolar bend formation.

" Asnang the impornant conclusions of the present

a2

Pl D ity W

(1) The intrinsic Si surface-state emission is

. dramatieally reduced at submonolayer Cr coverage

but there is no detectable change of the Fermi-level

(2) At room temipersture, an intermixed phase of
metsilic character is formed at the silicon-chro-
mium iaterface and comparison of experimental
snd theoretical results suggests that this intermixed
phase is Si-rich.

(3) The valence-band smission and measured
mmwammm
from what is expected for a Si-CrSi; interface.

The implicstion is that the Si-Cr interface may not
follow trends observed for ather Si-metal inter-
phsses formed at room temperature have electronic
stroctures similar to those of the “bulk” silicides
growm by high-temperature film reaction.*’ In
8i-Cr, the intermixed phase is metallic whereas the
bulk silicide CrSi, is expected to be a small-gap
semiconductor. Si-refractory metal interfaces
show, in fact, remarkably different properties for
compound growth (stoichiometry and kinetics)*?
from other Si-metal interfaces. For the Si—near-
noble-metal interfaces, for exampie, moderate an-
nealing (250°C) results in growth of NiySi, Pd;Si.
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islands/cm?, with islands of ~68-A radius at
©=3. The fact is that in assuming a Voimer-

Weber growth of an unreacted Cr film, the escape
depth difference (L =57 A for Ave 135 eV and
L =10-12 A for hvm120 eV) is not enough to
explain the strong difference in the attenuation rate
of the experimental spectra in Figs. 8(d) and 8(e).
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that an extended intermixed region forms upon Cr
deposition on the Si surface.
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Electronic structure of nickel silicides Ni,Si, NiSi, and NiSi,

A. Franciosi and J H. Weaver
Synchrotron Radiation Center. University of Wisconsin-Madison, Stoughton, Wisconsin 53589

F. A. Schmidt
Ames Laboratory, lowa State University, Ames, Jowa 50011
(Received 7 January 1982) |

Synchrotron-radiation photoemission studies of bulk samples of Ni,Si, NiSi, and NiSi,
show valence-band emission dominated by Ni 3d —derived features. These 4 bands shift
toward £, and brosden with increasing Ni concentration and Ni-Ni interaction, falling at
"=3.2 eV for NiSi; and —1.3 eV for Ni,Si. In each case, the density of states nesar £, is
very low. Thess resuits are interpreted in (erms of recent calculations which are shown to
forecast correctly the general trends and modifications ci b~ silicide electronic structure.
Further, they indicste that the d-band features observed in photoemission reflect d states
which are not directly involved in the Ni—Si bonds. Core-level studies show that charge
transfer pisys a minor role in the chemical bond, but changes in the electronic configura-
tion account for the observed shifts in the Ni 3p binding energy.

The structural and electronic properties of metal
silicides are receiving increasing attention in con-
nection with efforts to understand the behavior of
reactive Si-metal interfaces.! Most transition met-
als and near-noble-metals can react with silicon at

. low temperatures or even at room temperature to

form thin silicidelike phases.2=7 The presence of
such reaction products at the interface determines
the properties of electronic devices and is of
paramount importance in the new technology of
very large scale integrated circuits.!

To better understand chemical bonding st the in.
terface and to identify potential structural and
electronic differences between bulk silicides and
these silicidelike phases, one must examine both
bulk and interface silicides. However, very little is
known about the electronic structure of bulk sili-
cides.” In this paper we discuss a photoemission
investigation of the bulk pickel silicides Ni,Si,
NiSi, and NiSi;. These results have direct bearing
on interface studies and they are aiso important
from the point of view of bulk electronic structures
of alloys because one rarely has an opportunity to
study several stable phases of an alloy and observe
systematics in the electronic structure.

The measurernents discussed here reveal well-
defined trends in the electronic structure of the sil-
icide series and allow us to make comparison with
8 sumber of recent density of states calculations.
The Ni 3d =derived band is shown to dominate
the valence-band spectra and to vary substantially

1]

in binding energy and width when going from
Ni,Si to NiSi;. This trend reflects the reduced d-d
hybridization ia the Si-rich. silicides. Core-level
photoemission results show that ionicity plays a
minor role in the silicide chemical bond; configura-
tion and possibly relaxation effects explain the ob-
served shifts in binding energies.

The samples were prepared by comelting high-
purity nickel and silicon in a nonconsumable arc
furnace. The meits were made on a water-cooled
copper hearth under a purified argon atmosphere.
Ni;Si and NiSi melt congruently and formed rela-
tively large grains; NiSi, forms peritectically at
980°C. To ensure that the peritectic reaction was
completed, and to enhance grain growth, the NiSi,
casting was heated for five days at 950°C. Mezal-
lographic examination showed the sampies to be
single phase and analysis verified that they were

All measurements were performed in an
uitrahigh-vacuum photoelectron spectrometer
(operating pressure <4X 10™'"! Torr). Clean sur-
faces were obuined by fracturing the samples in
situ and then moving them to the common focus
of the monochromatic synchrotron radiation beam
and the electron energy analyzer. Details of the
experimental system have been ziven in Ref. 0.
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i INTRODUCTION

For most silicon-metal systems, chemical reactions occur in
formation.' The charscterization of the reaction products is
of fandamental importance in understanding interface and
Schottky barrier® formation and silicide growth.’

It was recently shown that room-temperature deposition
of Ni, Pd, and Pt on Si gives rise to silicidelike reaction pro-
ducts at the interface.' Such phases have electronic struc-
tures close 10, but not identical to, the metal-rich silicides
Ni,Si, Pd,Si. and Pt,Si. The differences have been ascribed
to composition gradients in a smoothly varying interface re-
gion,'* to local bonding distortions at an otherwise sharp
interface between Si and an ordered, stoichiometric silicide,’
and to the presence of interstitial metal atoms in the Si lattice
neighboring the silicide-metal interface.® Less is known
about Si-refractory metal interfaces but it has been suggest-
ed” that different mechanisms control silicide nucleation in
Mesymmetheyahhthuh«fomamwmpm
tures, different first nucleation phases (disilicides) and
growth kinetics than do Si~near noble metal interfaces.

Many of the existing controversies and ambiguities in the
interface literature reflect, in our opinion, an incompiete
knowledge of the electronic structure of bulk stoichiometric
silicides and the physical parameters which affect them. To
address some of these interesting problems, we have per-
formed photoemission studies with synchrotron radiation of
in situ cleaved bulk samples of Ni,Si, NiSi, NiSi,,* and C:Si,’
and compared our data with calculations of the electronic
density of the staces for Ni,Si. NiSi, NiSi,. Cr,Si, CrSi, and
CsSi,.”® In addition. we have examined the electronic pro-
pertias of Ar sputtered NiSi, s0 as to consider the effects of
long-range order and of large deviations {rom stoichiometry.
These resuits are compared with intertace resuits.’

The photoemission expenments used adiation (rom the
240 MeV electron storage ring Tantalus. A toroidal grating
monochromator was used to disperse the radiation. Photoe-
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Chemical bonding at the interface of a near-noble-metal (Ni) and a transition metal (Cr) with Si is
examined through synchrotron radiation photoelectron spectroscopy studies of in siru formed
mmdchMWkMuddwmprmeymucMOfme
of these experimental resuits is guided by paralle! linear combination of
atomic orbitals (LCAO) (extended Huckel approximation) calculations of stoichiometric Ni and
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Chemical bonding at the Si-metal interface: Si—Ni and Si-Cr

Synchrosron Radiation Center, Unisersity of Wisconsin-Madison® Stoughton, Wisconsin 53589

PACS numbers: 73.40.1g, 82.80.Pv, 79.60.Eq, 68.48. + f

mission and Auger measurements'® were performed with a
double-pass cylindrical mirror electron energy analyzer.
Rutherford backscattering and channeling measurements
helped characterize the samples used in the sputtering ex-
periments of Si-Ni.” Total and /-projected density of states
calculations were performed for stoichiometric silicides us-
ing the LCAO method in the extended Huckel approxima-
tion.*

{l. Si-Ni

In Fig. | we compare photoemission spectra® for Ni,Si,
NiSi, and NiSi, taken at 4v = 50 eV with the density of states

calculated for the stoichiometric compounds. As shown, the

calculsacions are in very good agreement with experiment.
The valence bands are dominated by Ni 3d-derived features
which shift toward E, and broaden with increasing Ni con-
centration and Ni-Ni interaction. Comparison with theory
shows that the valence band emission « ..cost sensitive to Ni
d states that are not directly coupled with Si-derived orbitals,
i.e., nonbonding d states. The bonding Si-p/Ni-d states,
shown shaded in Fig. 1, are relatively invisible since they are

. fewer in number and are more extended in energy than the

nonbonding Ni-d states. The caiculations and experiment
show that the Ni-derived nonbonding states are modified as
the Ni 3d-Ni 3d interaction changes in the silicide series.
The main 3d feature farrow, Fig. 1) falls 3.2 eV beiow Z, for
NiSi,, at 1.8 eV below for NiSi, and 1.3 eV below for Ni.Si.
The apparent full width at half maximum (FWHM! in-
creases by more than a factor of two on going from the low-
Ni compound NiSi, to the Ni-rich silicide Ni,Si. At thesame
time, the binding energy of the Ni 3p core levels varies in 2
way which is nearly identical to that of the center of the &
bands. In contrast to this. the binding energy of the Si 22
levels does not change apprec:adiv® and theresore the sfec:
ot charge transier :s compensated 3y the change :n reiaxa-
tion and other potential changes in ail cases and does not
appear to be systematically related o the observed core shift.
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again emphasize the nonbonding 3d features, as we found to
be the case for the Ni-silicides (Fig. 1). The d-states that are
predicted to be directly involved in the bonding with Si are
relatively invisible in our data, presumably because the Cr-
d /Si-p hybridization modifies the partial photoionization
cross sections for these states,

As was the case for Ni silicides, the nonbonding d-states
reflect the reduction of the Ce—Cr interaction which accom-
panies decreased metal content in the Cr silicide sequence,
The calculations clearly indicate that the width of the non-
bonding 3d manifold, which is determined primarily by 3d-
3d interaction, decreases but they also show that these bands
are cut by E,. Since only the d-states below E, are visible in
photoemission, changes in composition are observed less
dramatically in photoemission spectra for Si—Cr than for Si-
Ni. :

During room-temperature formation of the Si~Cr inter-

face, photoemission spectra {rom valence and core levels in- .

dicate that Si~Cr intermixing occurs at the interface for met-.
al coverage up to ~ 10 monolayers.'® The 3d valence band
emission for the intermixed phase is substantially diferent
from that of bulk Cr: The main 34 emission feature shifts
toward £, with increasing metal coverage for 8 < 10 and
then back toward its position in bulk Cr for 8> 10. Corre-
spondingly, a very smail shift of the Si 2p cores to lower
binding energy is observed. Comparison of our experimental
ndtheoreualmulnforC:uhcxdashm that these inter-
mixed phases are Si-rich.

The valence band spectra for the interface region with
8~ 10 are similar in some respects to our results for bulk,
cleaved CrSi, but there are aiso clear differences (loss of fine
structure, greater overall width), as shown in Fig. 3. Since
the only Cr silicide previously known to grow on Si upon
reaction at 450 °C is C:Si,, we conclude that either nonstoi-
chiometric mixed phases or local bonding distortions are
present at the Si—Cr interfaca

The interpretation of the modification of the valence band
with increasing coverage (§ < 10} and of the early stages of
interface formation is less clear cut than for Si-Ni. For Ni
silicides the measured Ni Jd states were modified through
changes in Ni-Ni interaction. The Si-rich Cr silicides are
more complex; fewer Cr 3d states form the occupied non-
bonding section of the d bands and these features lose impor-
tancecompared to the deeper Ct—d /Si-p bonding states with
increasing Si content. At the same time the overall width of
this nonbonding section around £, decreases but only the
states below £, are seen through photoemission and it is
difficult to forecas: the resulting experimental trend. In-
creasing the Cr content during interface formation (8 < 12),
however, we did not observe a change toward a lower density
of states at £, (similar to that of Cr,Si) so that the modifica-
tion of the valence band cannot be unambiguously relaced to

Ve T T

......

a Cr-Si composition gradient as in the case of Si-Ni.

In this paper we have presented experimental results for
several bulk Ni and Cr silicides and these have been com-
pared to our calculations and to experimental results for the
Si-meta] interface. We have shown that the silicide density
of states has a region of nonbonding character which falls
between the hybridized Si-metal bonding and antibonding
regions and that the nonbonding features are most visible in
photoemission. By examining trends established experimen-
tally and theoreticaily in the electronic properties of the Ni
silicides, we have shown that the Si-Ni interface exhibits a
concentration gradient starting from a NiSi-type situation
during the early stages of formation and that there is no
evidence of a NiSi,-like phase or of interstitial Ni in silicon.
The resuits for the Si—=Cr interface are less clear cut and are
being examined through systematics involving other refrac-
tory meral silicides.

“The work at the University of Wisconsin was supported by the U. S. Army
Research Office under Contract No. DAAG29-31-K-0140. The work at
the University of Modena was supported by Centro di Calcoio Universitd
di Modena.
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Bulk silicides and Si-metal interface reaction: Pd,Si

A. Franciosi and J. H. Weaver
Synchrotron Radiation Center, University of Wisconsin, Stoughton, Wisconsin 53589
and Department of Chemical Engineering and Materials Science,® University of Minnesota,
- Minneapolis, Minnesota 55433
(Received 7 October 1982)

We report synchrotron-radiation photoemission studies of cleaved Pd;Si in which we use
4d Cooper minimum and 4p —4d resonance techniques to identify the bonding Si p—Pd d
states 3.5—-6.5 eV below E,, the Si 5 states at 9.3 ¢V, the nonbonding Pd 4d states centered
st 2.5 eV, and hybridized Si-Pd or Pd sp states within 1.5 eV of E,. The resonant photo-
emission technique was shown (0 yield detailed information about the orbital character of
the valence states and to be appiicable in principle to all Si—d-metal systems. Comparison
of bulk Pd,Si with palladium silicide thermally growa on Si(111) shows the main 4d emis-
sion feature at 2.8 eV shifted 0.3 ¢V 10 higher binding encrgy relative to bulk Pd,Si, an in-
creased full width at haif maximum (2.5 versus 1.5 eV), and substantially grester emission
from Si p~metald bonding states. This confirms that the pailadium silicide formed on Si is
Si rich near the silicide-vacuum interface and shows that the electronic structure of the up-
permost silicide layers differs from that of bulk Pd;Si. .

INTRODUCTION

frequently cxhibits structural and electronic proper-
ties which are different from those of either materi-
al. These interfaces are of great fundamental and
technological importance because of their role in
Schottky barrier formation, proximity effects for su-
perconductors, ohmic contacts, coherent modulated
structures, etc. Major experimental and theoretical
programs are praently underway which examine
atomic diffusion, interface morphology, and elec-
tronic structures.!=*

To characterize the reactions which occur at in-
terfaces requires a thorough understanding of Si-
metal chemical bonding in bulk silicides. The elec-
tronic structure of Pd,Si has been the subject of
intense interest in connection with Si-Pd interface
resction.*~* However, all the data availsble so far
concern silicides obtained by meral-film reaction on
Si(111) {ollowing heat treatment that enhances sur-
face segregation and causes composition gradients at
the silicide-vacuum interface. The present study
concerns bulk Pd,Si samples cleaved in situ and
represents the first systematic study of the bulk elec-
tronic structure of Pd.Si. as emphasized by the
relevant differences observed with respect to the pre-
vious literature.®*=? To study the character of the

electronic valence states, we systematicaily applied

to Pd.Si Cooper minimum and resonant.

am

- e _:9'. \.—-\.“_‘. “.\-_q.

photoemission techniques. While both techniques
have been previously applied to other systems for
analyzing the electronic density of states, this is the
first application to a bulk Si-metal compound. The
present results clearly demonstrate the potential of
such techniques in understanding the Si-metal
chemical bonding and directly reflect on the model-
ing of the Si-Pd interface. Resonant photoemission
obtains complementary information with respect to
the Cooper minimum technique and allows investi-
gation of the different contributions to the electronic
density of states in the Si~3d-metal system where
the other technique is not applicable.

EXPERIMENTAL

Bulk samples of Pd,Si were prepared by co-
melting high-purity palladium and silicon under an
argon atmosphere in the water-cooled copper hearth
of a nonconsumable arc furnace. The resulting but-
tons were zone refined to enhance grain growth. X-
nay diffraction studies showed the C22 hexagonal
(Fe,P-type) structure of Pdssn with a=6.493=0.003
A and cm3.440=0.003 A.'"% Clean surfaces suitable
for photoemission studies were obtained by fractur-
ing the samples in the ultrahigh vacuum photoeiec-
tron spectrometer at operating pressures of
~3x10=" Torr. Immediately after fracturing. the
samples were positioned at the common focus of the
monochromatic svnchrotron.radiation beam and the

3884 £ 1983 The Amencan Physicai Soc:ety
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our bulk studies. The Si2p,,; core emission appesss at
99.8320.15 ¢V in this study and at 99.72 ¢V in Ref. 7
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on Si(100).
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Si=Cr AND Si-Pd INTERFACE REACTION AND BULK ELECTRONIC
STRUCTURE OF Ti. V, Cr., Co, Ni. AND Pd SILICIDES

A. FRANCIOS! and J.H. WEAVER
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We prusent 2 syachrotros radiation photstmiision swudy of siliside nucleation at the S 1111-Pd
and $i(111)=Cr imerfaces and of the electronuc structure of bulk Pd,Si. CrSiy. TiSi,. VSi;. CoSi,.
NiSi; and NiySi. These revesl the Si-p/metal-d hydridization. the boading and noabonding
motab-derived d-fentures. snd the dscouwpling of Si-p and Si-s states as predicted by recent
Comparisen of bulk silicides with Pd and Cr silicides thermally growe a1 the
imerface shows that the structure and composition of the first growth phases
essvespend 10 P, Si snd CzSi; but that the surface electromic sirecture exhibits an increase in the
imengicy of the bouding mewsl-d/silicom-p density of states festures. Seenrichment at the
sillside~vasvum interfacs explains the spparent differences betwesn the electronsc structure of the
imerfage and bulk silicides.

1. incroduction

Silicide growth at silicon-transition metal interfaces is of paramouant impaor-
tance in the technology of very large scale integrated circuits [1.2]. However.
the microscopic mechanisms of Si-Si bond breaking and silicide formation are
pot sufficiently uaderstood for detailed modeling of the interface chemistry.
Indesd, it is only within the last few years that the flexibie toois of the interface
science (pbotoemission, LEED, Auger, TEM, RHEED. etc.. and theoretical
modeling) have been brought to bear on these important scieatific and
udmobpal problems.

We Bave undertaken photoemission studies of bulk and interface silicides to
examine the electronic interactions and growth properties of silicides. In this
paper, we focus on the thermal processing of the Si-Pd and Si-Cr juncuons
and on the growth of the silicide phases at the interface (both Si-Pd {3-9) and
the Si=Cr [10] have been extensively studied at room temperature). Results for .
the silicides grown on Si are compared to those for bulk Pd,Si and C:Si; to
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Si-nETAL INTEAFACE REACTION AND BULK ELECTRONIC STRUCTURE OF SILICIDES

A. Frenciosi and J.N. Veaver

Synchrotron Radiation Center
University of Wisconsin-mMadison
Stoughton, Wiscongin 53589 uSA

We summarizs synchrotron radiation photoemission results for clesaved, bulk 3d transi-
tion metal disilicides and for the interfaces of Si(111)=Cre, Si{111)=Ti, Si(i11)<Ca,

and Si{111)-Sm,

Ve have undertaksn s serias of synchrocron
radiation photoemission studies which emphasize
Si-meta! intsrface formation and the slectronic
ingersctions in bylk mecal silicides. The
spproach is twefold. First, we have performed
step-dy-step analysis of Si=Cr,! $i-Ti,* si-Cs,?
and Si-Sm* incerface formetion through analysis
of the interface electronic structure as 2
function of metal coverage on cleaved $i(i11).
This work has included beth room tempersturs
and high temperaturs charscterization of the
siligides which grow on Si. The geal is to
correlats the different resction stages with
the establishment of che junction parameters.’
Second, we heve conducted studies of the bulk
silicides of Ti, V, Cr, Co, and NIS co charac-
terize Siometal chemical bonding in general, to
emphas ize the effect of stoichiometry varistions
on the electronic structure, and for comparison
of bulk silicides and interface reaction pro-
ducts.

in Fig. | we show photosmission spectrs for
seversl disilicides to provide s genaral pic-
ture of the glcctmle states of Bulk Jd-metal
disilicides.’ As shown, the valencs dands of
che disilicides of T1 and V exhidit dominant
Jd-derived spectral festures 1+ eV delow Iy
(full wideh at half manimum of 2.5-3 e¥) and &
relagively high demsity of states at Ly. Thess
are primarily due to ¢ states which are hybride
ized with $i pederived states (sheded regions
of 00S). As one escross the 3d transicion
metal series, the primery feature shifts to
nigher binding energy and Lp falls in & region
where an increasing numeer of nan-bonding d
states are present. The spectrs for CoSiz and
NiSi; show these sredominently non-donding ¢
states as & relatively narrow band (~3 eV below
€p for NiSiz). The bonding d scates appear as
8 shoulder at higher oinding energy. Compari-
son of experiment wich theory?“? revesis good
aqresment through the silicide series and
demonstrates the importance of Siep/metaled
rybridization for donding.

while the nature of the chemical dond for
transition metal silicides is decoming detter
estaoligned, almase notning is «<AGwN aoOuL
30nding in metais ~ricn nave few I eiectrons,
actasiv ™e rare earens ang re alkeii =etals.®
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In Order to examine these systems and to con-
trast the incerfacial ang dulk eiectronic inger-
actions of Si with ¢ and non-d metals, we
initiaced studies of the Ca-Si and Sm~Si systams.
Preliminary results for these interfaces snow
larger core level snifts than have been cbserved
for the d-band metals (1.5 eV for the Si 27
cores) and major reductions in the wark fynction
(more than 2 eV) during room temperature re=
action. Furthermors, the Sm=S! system exhibics
a Sm*1-3a*} valence change that coincides with
a transition between two stages of interface
formation. :

for these Si<Ca, Si=Sm, Si<Cr, and Si<Ti incer-
faces, the emission from intringsic Si syrface
states is removed during the early stages of
interfaca formation and che finel velue of the
Sehottky barrier is reached at suomonolayer
coverage. Room temperature studies show. a
subseguent second staga of interface formation
when an extended, intermixed transitjon region
batween metal and semiconductor is formed. The
intermixed phases exnibit electronic structures
which differ from these of high temperature
rescted interfaces.? The estedlishment of the
Schottky barrisr during the very early stages
of interfacs formation and the relative inde~
pendence of the sarrier height an annesiing
treatment or silicide compositions:1? guggest
that the fundamental jarsmeters of the junction
are determined by microscopic reaction on a
scale of 1-2 acomic layers rather than by the
subsegquent stages of Si-metal reaction.

The trends cbserved for Si-refractory metal,
$i-rare earch, and Si-alkali eartn intarfaces,
the absence of a sherp Si-metal doundaries, and
the existence of complex interface morpholagies
adds substantiaily to the picture of Si incer-
faces which has oreviously included Cu, Ag, Ay,
Ni, Pd and Pe.:! CFurther modeling of these
systams will reguire systematic comaarison of
bulk and incerface rasuits ane will ingluce :ne
inherent innomogeneity of the Si-silicicaevacuum
ingterfeace. Such studies are undarwav in seversl
laboracories ana major arogress can 3e anticie-
pated in the next ‘ew vaears.
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Modum!cﬂ of atomic interdiffusion at the Si(111)~Au interface

A Friok 0. G. O'Neil, and J. H. Weaver

Daparsment of Chamical Enginsering and Materials Science. University of Minnesota. Minnespolis.

We atnained a wide moduiation of the Si(111)-Au interface reaction by deposition of controlled
amounts of Cr on the semiconductor surface before in situ junction fromation. Synchrotron
radiation photoemission studies show that Cr deposition gives rise to a Si/Cr reacted interiayer
that dramatically affects the subsequent Si-Au interdiffusion. Negligible interdiffusion of Cr and
Auatoms wes found in all cases 3o that the Si~-Ay intermixing depends upon an exchange reaction
st the Si/Cr-Au interfacs in which Si is the only moving species. Large reduction of the
interdiffusion occurs sharply above a critical value of Cr deposition (10 monolayers) that

Minnesses I5455
(Received 26 January 1983; accepted 11 April 1983)
corresponds to a fully rescted Si{111)-Cr interface.
PACS aumbers: 66.30.Ny

1. INTRODUCTION

mmmmmwmmmm«

mmﬂmwmdmm

Recent experiments on compound semiconductors have -

drawn anention on the possibility of modulating interface
reactions by varying the thickness of a thin simple metal
interisyer deposited in the interface region between the semi-
conductor and a noble metal.'*'* In what follows we present

- a study of the effect of a refractory metal (Cr) inteciayer on

the interface reaction between Si and Au. We attained 3 wide
varistion of the Si~-Au reaction by moduiating the interiayer
thickness and we suggest that this effect is related to the
varying local environment of the Si atoms in the Si/Cr inter-
face phase. The different stages of interface reaction that we
identified'™!* during the formation of the Si{111)~Cr june-
tion. therefore, are bound to correspond to a qualitatively
dil’cmmﬂumcoﬂhc&iumhy«uthe!“umw
fusion. ' Such differences were through synchro-
trow radistion photoemission of the Si/Cr interface
phase and of the overall Si/Cr-Au junction. Emisgion from
the valencs states and from the Si 2p, Cr 3p, and Au 4f core
leveis was examined as a function of the Cr coverage &, on
the silicon surface prior to Au deposition and as a function of
Au deposition on Si/Cr phases of given composition. Cr cov-
erageof0.1-15 A and Au coverage of 1-50 A were examined
and we wiil discuss here preliminary conclusions drawn
masinly from valence band photoemission. focusing on the
asture of the diffusion barner effect of the Cr interiayer for
6-, >9-10 A. A quantitative presentation of the core results
and 3 systematic analysis of the efect of the wneriaver for
0148, < 1S wiil be piven in a following paper.'*

1. EXPRAIMENTAL

Interfaces were prepared 2 siuuw in an ultrahigh vacuum
photoelectron  spectrometer with operauing pressure

| - ~3%10" Torr (pressure was kept < 4x 10~ '* Torr during

Interdiffusion and chemical resctions at Si-metal inter-
faces is the subject of intense reserach aimed to explain the:
general propertiss of Si-metal junctions.'™® The problems .
range from estimating the influence of interface chemistry -

Cr sublimation and < | X 10™° during Au evaporation). V-
type. phosphorus-doped (1.5 £2 cm) Si single crystals orient-
ed along the {111] direction were cleaved at precut notches to
yield clean Si(111)-2 X | surfaces, Interiayers of given thick-
ness were prepared by direct sublimation from a Ta boat or
W basket onto the suriace with coverage &, monitored by a
resction gave rise to 2 Si/Cr intermixed phase'*? at the crys-
tal surface. Such a phase was characterized by positioning
the sample at the common focus of the monochromatic radi-
ation beam and of the electron energy analyzer and record-
ing photoelectron energy distribution curves (EDC's| of va-
lence and core levels before and after Cr deposition. Studies
of the Si~Au reaction were then carried out evaporating Au
from a W coil. For clarity, we will define the Cr coverage as
the “interiayer thickness” and both the Au coverage 6.
and &, mnbcpmquhmn'houubepapc[‘mmox
the Si{111) surface atomic density of 7.6 10'* atoms/cm® it
is 1 A Cr = 1.1 monolayers, | A Au = 0.8 monolayers].

Synchrotron radiation from the 240 MeV electron storage
ring Tantalus at the University of Wisconsin-Madison was
monochromatized with a 3 m toroidal grating monochroma-
tor {12 <Av<13S eV), with a Seya~Namioka monochroma-
tor{12<hv< 30 eV), or with a Grasshopper grazing incideace
monochromator (40<Av< 140 eV). The emitted photoelec-
trons were energy analyzed with a commercial double-pass
cylindrical mirror analyzer with a typical overall resolution
{electrons plus photons) of 0.3-0.4 eV. The data presented
here represent numerous cleaves and repetitive measure-
ments of the various stages of interface formation.

il. RESULTS: Si(111)=Cr AND Si(111)=Au

Any attempt at interpreting the present experimental data
requires an g prion understanding of both the Sitlill=Au
and the Sit! 1 1=Crintertaces. The Siil11i/Cre=au system. :n
fact. was chosen prmaniy because soth the Si=C: ang Si-Au
interracss are among the 565t 22aracienzes Mertal-seTES .
duetor :nterfaces ang Decause of its tesanoicgicai teievance.

For the Sitl 1 1=Cr interface we have previously published
anextensive synchrotron radiation photoemission iavest:ga.

. 3,3 S.'\-' ﬁ&'.‘h";y\"\:" “~ .‘..‘- ._'.\: .‘~..._ AR - L3 et .'_... *..‘:. - ._;- _.: .
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parameter 13 related 10 1=2 Si concentration in the Au Alm
and ia Fig. | 13 shown 10 be an acceptable parameter to gauge
the Si=Au interface reaction. The resulting plot emphasizes
the dramatic change m the Si=Au reaction that occurs for
o, 2 A The Crintertaver etfectively reduced the Si=Ay
interdaufunion valy for interlayer thicknesses greater than 9
A
As we mentioned 1n Sec. [I1. the Sill1}=Cr interiace 18
fully reacted at &, = 9 and further Cr depositions gives nse
to the formation of an unreacted Cr film on top of the reacted

& M, Weaver |
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Strongly bound chemisorption state for benzene on silicon (111)
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Dramatic differences were observed between the room-temperature reactivity of benzene on
cleaved Si and on cleaved Ge and GaAs with synchrotron-radiation photoemission. No evidence
of benzene adsorption was observed on Ge or GaAs. On Si we unexpectedly observed a strongly
bound state, probably due to the formation of phenylic-like C-Si bonds.

PACS numbers: 68.45.Da, 82.65.My

Recent experiments’' on pyridine molecules chemis-
orbed on Si snd Ge surfaces detected stable chemisorption
states due to the formation of chemical bonds involving ni-
trogen long-pair electrons. These results raised the following
question: how can stable chemisorption bonds be formed
between semiconductor surfaces and aromatic molecules
without lone pairs? In particular, do stable chemisorption
states exist at ail for these systems? We tried to answer these
questions by investigating the adsorption of benzene, the
most fundamental aromatic molecule, on Si, Ge, and GaAs.
Our synchrotron-radiation photoemission results show that
no stable chemisorption state exists at room temperture for
benzene on Ge and GaAs surfaces. Quite unexpectedly,

" however, we discovered a strongly bound chemisorption

state for the benzene moleculs on cleaved Si (111) at room
temperature, presumably due to the removal of one H atom
and the establishment of a C-Si bond.

- These experiments were performed in an uitrahigh
vacuum chamber with base pressure <4 10" Torr.? The
sampies were cither clesved in benzene atmosphere or
cleaved in vacuum and then exposed to benzene vapors. The
surfaces obtained with both procedures gave the same pho-
toemission spectra. The benzene pressure was 0.6-3% 10~
Tom'uhmymdbyamm At the end
of each exposure the benzene was evacuated, thereby restor-
taken upon excitation by monochromatized 12-30-eV pho-
tons from the University of Wisconsin Storage Ring Tanta-
lus. using a computer<controiled double-pass cylindrical
misror analyzer.

The dramatic differences berween cleaved Si and GaAs
surfaces exposed to benzene are emphasized by Figs. | and 2
where we show photoemission spectra for ~ 180 Langmuirs
iL) of benzene of cleaved Sii111) 2 1, and for much higher
exposures for cleaved GaAs 1110). The spectra of Fig. |
clearly exhibit the three most intense features of the gas-

*On .eave ‘tom :he lasutute of Generai Chemstry. University of Rome.
00100 Rome, {taly.
* Author t0 whom ail correspondence shouid be addressed.

..................

phase benzene photoemission spectra,’ peaks, C. D, and E.
In contrast, the spectra of Fig. 2 for GaAs, taken at expo-
sures |1-2 orders of magnitude larger than for Si, exhibit only
the spectral features of ciean GaAs (110).* Similar experi-
ments on benzene-exposed Ge (111) give only the spectral
features of clean Ge (111) after exposures in the 600-1000-L
range.

The resuits shown in Fig. | are representative of numer-
ous cleaves of Si and were nearly insensitive to the quality of
the cleave. Experiments using s-polarized light (with the po-
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FIG. 1. Angle-integrated photoemission spectra taken on benzene-covered
Si 1112 > | -eapusure ~ 180 Li. The raw data acre shown together with
somputer-generated smooth hines. The zer0 of the honzonta scaie is the
upper eage of the spectra, £ For sompanson. «erusal lines MArk Ile posi-
110ns of the three MOSt iNtENsE <DeECIrd; reatures Of gas-onase Jenzene. aiun
symmetry = T = ¢ and o :see Ref. 2, these postions were augned with re-
spect {0 Our specira to obtain the dest dn
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F1G. 2. Photoemission spectra taken on clasved GaAs (110) after much
larger benzene exposurss than thas of Fig. 1. Both spectra are close to the
clean-GaAs spectra (see Ref. 3) and show no evidencs of benzsne adsorp-
tion.

larization vector perpendicular to the plane of incidence) and
mixed s- and p-polarized light? produced spectra which ex-
hibited little dependence on the polarization. Furthermore,
the spectral line shape did not change with the benzene expo-
sure, for total exposures in the range |-180 L.

We observe in Fig. | six different features, labeied A-F.
Of these, the marginally resolved doublet C and the peaks D
and E correspond to the most intense le, i), la,,(m

+ 3e,,(0) and 3e,,(c) + 1by, (0) + 1b,,(0) bands of gas-
phase benzene. The presence of those features shows that the
benzene molecule is not decomposed aithough, as we shall
discuss below, there are indications that one of its H atoms is
replaced in the chemisorption bonding process. The weak
feature F probably corresponds to the benzene le,, (o) band.’
The remaining features, peaks A and B, are likely to be relat-
ed to the formation of chemisorption bonds involving the
“dangling bond™ of the Si (111} surface. The experimental
positions of peaks A, B, D, E, and F, measured from the
upper edge of the spectra, £, are — 2, - 1.7, = 8.5, = 10.8,
and — 12.8 eV (accuracy: == 0.2 eV). The two components
of peak Care 5.5 and 6.4 eV below E,. No spectral features of
clean Si were observed, consistent with previous studies of
chemisorption of organic molecules.'

Two chemisorption configurations were examined to
explain the above features. The first configuration is with the
benzene ring parallel to the Si surface, and with chemisorp-
tion bonds involving the benzene = orbitais.’ The second
configuration is with the ring not parailel to the surface, and

DRPL TP LV L
4.3 n':“!“"‘" !‘ "

with formation of Si~C bonds upon removal of a H atom.* 4
priori, it would seem that the first configuration should be
preferred because of the magnitude of the activation energy
required to remove one of the H atoms. However, several
facts indicate that the second configuration is the one occur-
ring in this case. First, a geometry with the benzene ring
parallel to the surface would imply strong photon-polariza-
tion effects in the spectral features reiated to benzene w orbi-
tals—as it was observed, for example, for the o bonds of C1
on Si (111).” However, these strong effects were not ob-
served. Instead, the results are more consistent with the
standing-up configuration, since this nonparallel configura-
tion should give much weaker polarization effects due to the
mixed p, and p,, character of the spectral features. Second,
the two peaks A and B close to0 £, appear related to the
formation of bonds involving the Si atoms. Qualitatively si-
milar structures are produced upon formation of Si-C1 and
Si~H bonds,”* although their positions in energy are differ-
ent from those of peaks A and B. Firally, we observed a
removal of the gas-phase degeneracy .f peak C, similar to
what is observed for all molecules derived from benzene
upo:uubstitutionfonl-luombyadi!!‘erenumorndi-
cal.

In conclusion, we found a unique, strongly bound che-
misorption state for benzene on room-temperature Si {111),
not observed for Ge or GaAs. Our experimental resuits sug-
gest a chemisorption geometry with the benzene ring not
parallel to the surface, and the formation of a chemisorption
bond between Si and C, leading to a phenylic configuration.
At the moment, the cause of the different reactivity of ben-
zene on Si and on Ge and GaAs is not clear.
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AN INTERFACE CATALYTIC EFFECT: Cr AT THE Si(1lll)=-Au INTERFACE
A. Franciosi and J. H. Weaver

Department of Chemical Engineering and Materials Science
University of Minnesota, Minneapolis, MN 355455

and
D. G. O'Neill

Synchrotron Radia:icn'z Center, University of Wisconsin-Madisom
Stoughton, WI 53589

ABSTRACT
Synchrotron radiation photoemission studies of the effect of Cr

interlayers on Si(1l1l)-Au interface reaction show that Cr concentratioms

15 2

atoms/cm” retard Si-Au intermixing, concentrations

15

below 1 x 10

atans/cmz promote Si-Au intermixing, and con-
15

between 1 and 7.5 x 10

centrations in excess of 8 x 10~ atoms/ cnz sharply reduce intermixing.

These variations are shown to depend on the three formation stages of the

Si-Cr junction. Cr itself is shown only to be indirectly involved in

the Si-Au reaction and Si is to be the only moving species.
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ABSTRAcf

% Synchrotron radiation ultraviolet photoemission studigs of the
gj electronic structure of both stoichiometric epitaxial silicides
: (31312 and szSi) and metal rich phases (NixSI and de51) obtained
é by low energy ion sputtering (1KeV) are performed. The data for
%i thick (IOOO-ZOOOR), annealed epitaxial stoichiometric silicides

(RiSiz and szs;) are in good sgreement with first principle and
?: seniempirical calculations, indicating little variation of the
% surface electronic structure with respect to the bulk. The spectra
: associated with varying average metal concentrations (x = 0.5 to
e 3.5 for nickel silicides ana x = 2 to 7.6 for palladium silicides)

are dominated by the local atomic bonding configuration: for nickel

silicides, the NiSiz structure is replaced by NiSi and Nizsi subunits
in & discrete fashion as the average metal concentration increases
wvhile, for palladium silicides, the Pd251 lgcal bonding remains

dominant. A large number of N1x51 and de51 mixtures could be
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B ; . Abstract

i | We prasent syanchrotron radiation photoemission studies of bulk t::::'Si.2
i{; and silicide phases growm on 5i by thermal p:rocnssing of the Si-Cr inter-
.:5 face. Experimept shows that Si-Cr interface formation at room temperature
4 " results in reacted phases that differ from both bulk CrSi, and in situ grown
:*::j‘, | S$i-tich c:sxz. Extended Huckel LCAO calculations of the density of states

of Crssi. CrSi, and c:sxz show that Si-Cr bond formation involves Si-p and

Cr-d states with minimal charge transfar.
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